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Exposure to perfluorooctanoic acid (PFOA), a synthetic perfluorinated compound and an agonist of per-
oxisome proliferator-activated receptor a (PPARa), causes stunted mouse mammary gland development
in various developmental stages. However, the underlying mechanisms remain poorly understood. We
found that peripubertal PFOA exposure significantly inhibited mammary gland growth in both Balb/c and
C57Bl/6 wild type mice, but not in C57BI/6 PPARa knockout mice, and Balb/c mice were more sensitive to
PFOA inhibition. PFOA caused (1) delayed or absence of vaginal opening and lack of estrous cycling dur-
ing the experimental period; (2) decreases in ovarian steroid hormonal synthetic enzyme levels; and (3)
reduced expression of estrogen- or progesterone-induced mammary growth factors. Supplementation
with exogenous estrogen and/or progesterone reversed the PFOA inhibitory effect on mammary gland.
These results indicate that PFOA effects on ovaries mediate its inhibition of mammary gland development
in Balb/c and C57BI/6 mice and that PPARa expression is a contributing factor.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Perfluorooctanoic acid (PFOA), a synthetic perfluorinated com-
pound, has raised significant health concerns because of its
widespread presence in the environment, in wildlife and humans,
its persistence and accumulation properties, and its recently
reported developmental toxicities in rodents [ 1-3]. Although blood
concentrations of PFOA in the general population exposed to PFOA
through air, food and drinking water seem to be low (<10 ng/ml),

Abbreviations: Areg, amphiregulin; CYP11A1, cytochrome P450 family 11, sub-
family A, polypeptide 1; E, estradiol; EGFR, epidermal growth factor receptor; ERa,
estrogen receptor alpha; HGF, hepatocyte growth factor; HSD331, hydroxysteroid
(3-B) dehydrogenase 1; HSD17f31, hydroxysteroid (17-3) dehydrogenase 1; P, pro-
gesterone; PCNA, proliferating cell nuclear antigen; PFOA, perfluorooctanoic acid;
PPARq, peroxisome proliferator-activated receptor alpha; StAR, steroidogenic acute
regulated protein; STDs, stimulated terminal ducts; TEBs, terminal end buds.
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high blood concentrations of PFOA have been reported in humans
exposed occupationally and through contaminated drinking water
exposure have been reported, with a range of 0.25-22,412 ng/ml
[4]. While previous classical toxicology studies using adult animals
suggested that the acute toxicity of PFOA and other perfluorinated
chemicals are low to moderate in mice, rats and rabbits [5,6],
recent studies have revealed not only general development tox-
icity [1,7-9] but also specific negative effects on mammary gland
development in mice exposed to PFOA during various critical devel-
opmental stages [3,10-14]. Only mice have been studied because
the rapid excretion of PFOA in female rats (half life ~4 h) precludes
studies on mammary gland in that species [15].

Studies by White et al. [3,10] showed that either gestational
or lactational PFOA exposure in CD-1 mice impairs the develop-
ment of the mammary gland. However, the underlying mechanisms
are not well understood. The peripubertal period is considered
to be an important window of susceptibility of the developing
mammary gland to environmental exposures [16,17]. Our recent
studies showed that while Balb/c mice exposed to PFOA (5 and
10mg/kg) during the peripubertal period exhibited inhibition
of mammary gland and uterine development, similarly exposed
C57BL/6 mice exhibited stimulatory effects in both organs at the
low dose (5mg/kg) but inhibition at the higher dose (10 mg/kg)
[12]. The mechanisms responsible for the strain-specific differences
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in effects of peripubertal exposure to PFOA on mammary gland
development are not known.

Steroid hormones and growth factors play important roles in
pubertal mammary gland development [18-21]. Estradiol (E) and
progesterone (P), mainly produced by the ovaries, are the major
steroid hormones that promote mammary gland development. In
addition, growth factors produced in mammary glands are also
involved in stimulating pubertal mammary gland development,
including insulin-like growth factor I (IGF-I) [21], amphiregulin
(Areg, a member of epidermal growth factor family and a lig-
and of epidermal growth factor receptor) [18-21] and hepatocyte
growth factor (HGF) [22-24]. We have shown that 5 mg/kg of PFOA
treatment that stimulated mammary gland growth significantly
increased the ovarian protein levels of critical steroid hormone
synthetic enzymes and also increased serum progesterone levels in
C57BIl/6 mice [13]. Moreover, PFOA treatment also up-regulated the
protein levels of epidermal growth factor receptor (EGFR), estro-
gen receptor o (ERa), Areg, HGF, cyclin D1 and proliferating cell
nuclear antigen (PCNA) in C57Bl/6 mammary glands [13]. These
results suggest that PFOA effects of increasing steroid hormone and
growth factor levels mediate its stimulation of peripubertal mam-
mary gland development in C57B1/6 mice. Given the requirement of
hormones and growth factors for pubertal mammary gland devel-
opment, it was of interest to determine if PFOA exposure altered
hormone and/or growth factor expression and whether they played
arole in the observed inhibitory effects of PFOA on mammary gland
development.

The peroxisome proliferator-activated receptor o (PPARa) is
a ligand-activated nuclear receptor critically involved in regulat-
ing inflammatory responses, cell proliferation, and differentiation
[25-27]. PFOA is an agonist of PPARa and studies using PPARa
knockout 12951/Svim] mice have shown that the general devel-
opmental toxicity caused by PFOA depends on the expression of
PPARa [1]. However, we found that 5 mg/kg of PFOA treatment
promoted mammary gland development in both C57BI/6 wild
type mice and PPARa knockout mice [13], indicating that PFOA
stimulation of mammary gland development in C57BI/6 mice is
independent of the expression of PPARa. Whether the inhibitory
effect of PFOA on mouse mammary gland development depends
on the expression of PPARa is not known.

This study was designed to investigate the potential mech-
anism(s) by which peripubertal PFOA exposure inhibits mouse
mammary gland development. We found that PFOA treatment
impaired ovary function and reduced protein levels of growth fac-
tors produced in mammary glands in Balb/c and C57BL/6 wild
type mice. Supplementation with physiological levels of exogenous
estradiol (E), progesterone (P) or E+P overcame the inhibition of
PFOA on mammary gland growth. Balb/c and C57BI/6 wild type
mice showed different dose sensitivity to the PFOA inhibitory effect.
However, C57Bl/6 PPARa knockout mice were resistant to the
inhibitory effect of PFOA on peripubertal mammary gland devel-
opment at all doses tested. This is likely due to the differences in
PFOA plasma levels in wild type and knockout mice. These results
suggest that PFOA effects on the ovaries mediate its inhibition of
peripubertal mammary gland development in Balb/c and C57BI/6
mice and that PPAR«a expression is a contributing factor.

2. Materials and methods
2.1. Animals

Female 3-week-old Balb/c and C57Bl/6 wild type mice were obtained from
Charles River Laboratories (Portage, MI). Animals were weighed upon arrival and
randomly distributed into different treatment groups. The C57BL/6 PPAR«a knockout
breeding mice were purchased from Taconic Farms, Inc. (Hudson, NY) to generate 3-
week-old PPARa knockout female mice. All mice received food (8640 Harlan Teklad
22/5 Rodent Diet) and tap water ad libitum, and were housed in micro-isolator cages.
Animal facilities were maintained on a 12:12h light-dark cycle, at 20-24°C and

40-50% relative humidity. All animal protocols were reviewed and approved by the
Michigan State University Institutional Animal Care and Use Committee.

2.2. Study protocols

PFOA, as its ammonium salt (>98% pure), was obtained from Fluka Chemical
(Steinheim, Switzerland). 173-Estradiol (E) and progesterone (P) were purchased
from Sigma Chemical Co. (St. Louis, MO). The stock solutions of E (1 mg/ml) and P
(5mg/ml) were made in 100% ethanol or in 0.85% saline with gum Arabic, respec-
tively. The stock solutions were diluted in 0.85% saline to the final concentrations
for injection. PFOA dosing solution was prepared fresh daily in de-ionized water and
given to animals as described previously [12,13]. Briefly, Balb/c, C57B1/6 wild-type
or PPARa knockout female mice received either vehicle control (de-ionized H20)
or PFOA at 2.5 mg/kg body weight (BW) (for Balb/c mice) and 7.5 mg/kg BW (for
C57Bl/6 wild type and PPARa knockout mice) by oral gavage, once daily, 5 days per
week for 4 weeks starting at 21 days of age (5-10 mice per group). Because the half-
life of PFOA is ~17 days in mice [8], the mice were not treated on the weekend. BW
and appearance of vaginal opening were monitored daily. The animals were sacri-
ficed after 4 weeks of treatment. The estrous cycle status was determined by vaginal
smear at termination and additional histological examination of hematoxylin and
eosin stained (H&E) sections from ovaries and uterus.

To study whether inhibition of PFOA treatment on mammary gland develop-
ment could be rescued by exogenous hormones E, P, or E+P, mice were treated as
follow: ovary-intact Balb/c or C57BI/6 wild type mice were dosed with vehicle con-
trol or PFOA (2.5 mg/kg BW for Balb/c mice and 7.5 mg/kg BW for C57BI/6 mice) for
2 weeks starting at 21 days of age. During the second week of dosing, the vehicle
control- and PFOA-treated mice were also injected sc daily for 7 days with con-
trol (0.85% saline; 7dC), physiological levels of E (0.1 ng/0.2 ml per mouse; 7dE), P
(0.1 mg/0.2 ml per mouse; 7dP), or E+P (0.1 g +0.1 mg/0.2 ml per mouse; 7dE+P)
[20,28,29]. Thus, for each mouse strain there were 8 groups: 4 for control-treated
mice (C, E, P, E+P) and 4 for PFOA-treated mice (C, E, P, E+P) with 5 mice in each
group. The mice were terminated 24 h after the last PFOA and hormone dosing.
BW and appearance of vaginal opening were monitored daily. The estrous cycle
status was determined by vaginal smear at termination and additional histological
examination of H&E sections from ovaries and uterus.

2.3. Necropsy and mammary gland wholemount analysis

Mammary glands, ovaries, uteri, livers, kidneys and blood were harvested at the
time of termination. Tissues were fixed in 10% neutral formalin, paraffin embed-
ded, sectioned (5 pm) and stained with H&E. One abdominal and inguinal mammary
gland from each animal was prepared as wholemount [12,13]. Whole-mount prepa-
rations of the inguinal glands from the same position for each mouse were scored
for growth and developmental status as previously described [12,13].

2.4. Measurement of mouse plasma PFOA levels

Samples from five mice of each stain treated with various doses of PFOA (Balb/c:
1 and 5 mg/kg; C57Bl/6 wild type: 1, 5, and 10 mg/kg; C57BI/6 PPARa knockout,
5 mg/kg) collected from previous studies [12,13] along with samples collected in the
current study (Balb/c: 2.5 mg/kg; C56B1/6 wild type and PPARa knockout: 7.5 mg/kg)
were prepared according to the protocol described by Reiner et al. [30]. In brief,
control animal plasma (25 pl) was denatured with 0.1 M formic acid (containing
13C2-PFOA) protein precipitated with cold acetonitrile and centrifuged to pelletize
proteins. An aliquot of the acetonitrile extract was combined 50:50 with 2 mM
ammonium acetate for UPLC/MS-MS analysis (Waters Acquity UPLC coupled with a
Quatro Premier XE MS/MS; Waters Corporation, Milford, MA). PFOA was monitored
via the transition 413-369 and 413-169 and for the 13C2-PFOA 415-370. The stan-
dard curve and QA/QC samples were matrix matched by spiking PFOA in methanol
from alternate stock solutions into control CD1 mouse serum (Pel-Freez) relating to
10-200,000 ng PFOA/ml serum and were likewise treated as all other samples. PFOA-
dosed animal plasma (25 pl) was placed in a 15 ml polypropylene tube (BD Falcon)
and diluted with 5 ml of 0.1 M formic acid. Diluted samples were shaken on a rotary
shaker for 1h in the horizontal position, and then sonicated for 30 min. A 0.2 ml
aliquot of the diluted plasma sample was placed in a new 15 ml PP tube and further
diluted with 3 ml of methanol containing ~100 ng 13C2-PFOA. Samples were shaken
(30min) and vortexed before sampling. An aliquot of the methanol extract (200 1)
was combined with 200 !l of 2 mM ammonium acetate for LC/MS-MS analysis. As
above all unknowns, replicates, method and matrix blanks, QA/QC and standard
curve samples were prepared in this fashion. The standard curve was prepared
by spiking in a corresponding mass of PFOA in methanol (25-5000 ng) relating to
10,000-200,000 ng PFOA/ml serum.

Appropriate QA/QC samples were selected for the standard curve range and
analyzed in duplicate. Because the method was designed for serum sample analysis,
10% of the unknown plasma samples were randomly selected for standard addi-
tion analysis as a measure of method accuracy and 10% for replicate analysis as a
measure of the methods precision performance. Samples were run in an analytical
batch to include solvent blanks, a method blank, matrix blank (blank serum), stan-
dards, QA/QC samples, replicates, and unknowns in sequence. Standards were run
at the beginning and end of the analytical batch, and QA/QC samples interspersed
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in the analytical batch. Samples were integrated using the equipment software and
corrected if necessary by the operator.

2.5. Quantitative RT-PCR analysis (q-RT-PCR)

Total RNA was extracted from mouse kidney by TRIzol® reagent (Invitrogen,
Carlsbad, CA), purified by RT? qPCR-Grade RNA isolation kit (SAbiosciences, Fred-
erick, MD) as described previously [13]. Three micrograms of total RNA was used
for making the first strand complementary DNA (cDNA, in 20 .l volume) using RT?
First Strand kit (SAbiosciences) following manufacturer’s instructions. The gener-
ated first strand cDNA (20 1) was diluted to 150 pl with de-ionized H,0 (ddH;0).
Then 1 pl was used for g-PCR analysis (in a 96 well plate) for the selected genes for
mouse kidney. The primers for q-PCR analysis of the following genes were purchased
from SAbiosciences: organic anionic transporter 1 (OAT1) (Cat #: PPA27727E);
OAT2 (Cat #: PPM30509A); OAT3 (Cat #: PPM37446A); organic anionic trans-
porting polypeptide 1 (OATP1) (Cat #: PPM30654A); OATP2 (Cat #: PPM30541A);
sodium-taurocholate cotransporting polypeptide (NTCP) (Cat #: PPM30690A); 18S
ribosomal ribonucleic acid (rRNA) (Cat #: PPM57735E); ribosomal protein L32
(RPL32) (Cat #: PPM03300B). Kidney specific organic anionic transporter (OAT-
K) (Cat #: Rn00755673_m1) primers were obtained from Applied Biosystems Inc.
(Forster city, CA). The q-PCR was performed with the ABI7500 Fast Real-time PCR
system (Applied Biosystems, Inc.). RNA samples from three mice (n=3) in control-
or PFOA-treated group were analyzed.

2.6. Western blot analysis

Snap frozen mammary glands were homogenized in RIPA buffer containing
the protease inhibitor cocktail, phenylmethylsulphonyl fluoride (PMSF) and sodium
orthovanadate from Santa Cruz Biotechnology (Cat #: sc-24948). Ovarian proteins
were isolated from the phenol solution after RNA extraction by TRIzol reagent
following manufacturer’s instruction. Protein concentration was determined by Bio-
Rad Dc protein assay kit. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control. All the following primary antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA): rabbit polyclonal anti-steroidogenic
acute regulatory protein (StAR) antibody (Ab) (Cat #: sc-25806); goat polyclonal
anti-cytochrome P450 family 11, subfamily A, polypeptide 1 (CYP11A1) Ab (Cat #:
sc-18043); goat polyclonal anti-aromatase (CYP19A1) Ab (Cat #: sc-14245); rab-
bit polyclonal anti-HSD17(1 Ab (Cat #: sc-32872); goat polyclonal anti-HSD331
Ab (Cat #: sc-30820); mouse monoclonal anti-Areg Ab (Cat #: sc-74501); rabbit
polyclonal anti-ERa Ab (Cat #: sc-542); rabbit polyclonal anti-EGFR Ab (Cat #: sc-
03); goat polyclonal anti-IGF-1 Ab (Cat #: sc-1422); goat polyclonal anti-HGF Ab
(Cat #: sc-1358); and mouse monoclonal anti-GAPDH Ab (Cat #: sc-32233). Mouse
monoclonal anti-proliferating cell nuclear antigen (PCNA) Ab was purchased from
Calbiochem® (Gibbstown, NJ; Cat #: NA-03). Rabbit polyclonal anti-PPAR« Ab (Cat
#: ab8934) was purchased from Abcam (Cambridge, MA). Thirty micrograms of total
protein per sample was loaded to 12% SDS-PAGE gels for Western blot analysis
as previously described [13]. The blots were incubated with primary Abs diluted
with 1:1 of PBS:0dyssey block buffer (Cat #: 927-40000) (Abs final concentration
0.2-0.5 pg/ml) for 2 h at room temperature. After three washes with PBST, the blots
were incubated with the Alexa Fluor-labeled secondary goat anti-mouse, goat anti-
rabbit, or donkey anti-goat Ab for 1h at room temperature. Then, the blots were
scanned using the Odyssey Infrared Imaging System (Li-Cor, Inc., Lincoln, NE) after
three washes. Three animals from control- or PFOA-treated group were analyzed.
The resulting bands were quantified using Odyssey Infrared Imaging System soft-
ware 3.0 following manufacturer’s instructions.

2.7. Double immunofluorescent staining of Areg and ER« in mouse mammary
gland sections

Sections (5 pm) of paraffin-embedded mammary glands were subjected to anti-
gen retrieval and immunofluorescent staining as previously described [13]. The
stained sections were visualized with a Nikon Eclipse TE2000-U fluorescence micro-
scope (Nikon Inc., Melville, NY), and the captured fluorescent images were analyzed
using Metamorph software. A minimum of 1000 cells were counted for each section
and a minimum of two to three tissue sections per animal were analyzed from three
animals in control- or PFOA-treated groups. The number of Areg and/or ERa positive
cells is expressed as the percentage of total luminal epithelial cells counted.

2.8. Statistical analysis

Values are presented as mean + SD. Differences between control and treatment
groups were determined using Student’s t-tests for comparison of two data sets or
one-way analysis of variance (ANOVA) for multiple data sets and differences were
considered significant at p <0.05.

3. Results

3.1. Balb/c and C57BI/6 wild type mice and C57BI/6 PPAR«
knockout mice exhibit different dose sensitivity to the inhibitory
effect of PFOA on peripubertal mammary gland development

We previously reported differential effects of peripubertal expo-
sure to PFOA on mammary gland development in Balb/c and
C57B1/6 mouse strains: (i) exposure to 1 mg/kg of PFOA did not
show a significant effect on mammary gland development in both
Balb/c and C57BI/6 wild type mice; (ii) exposure to 5 mg/kg of PFOA
caused significant inhibition of mammary gland development in
Balb/c mice. Thus we tested a dose between 1 and 5 on mammary
gland inhibition and the lower dose of 2.5 mg/kg of PFOA caused
inhibition. Exposure to 5mg/kg of PFOA caused stimulation and
10 mg/kg of PFOA resulted in severe inhibition of mammary gland
development in C57BI/6 wild type mice. Thus we tested an inter-
mediate dose of 7.5mg/kg and found this dose to be inhibitory
[12,13]. The goals of this study were to investigate PFOA inhibi-
tion of mammary gland development in Balb/c and C57BI/6 mice
and investigate the mechanism of PFOA inhibitory effects. The
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Fig. 1. Effect of peripubertal PFOA exposure on body weight in Balb/c, C57BIl/6
wild type and C57Bl/6 PPARa knockout mice. Three-week old female Balb/c (A),
C57Bl/6 wild type (B) or PPARa knockout (C) mice were treated with vehicle control
(deionized H,0) or PFOA (2.5 mg/kg for Balb/c mice, 7.5 mg/kg for C57Bl/6 mice)
for 4 weeks. Body weight was monitored daily during PFOA dosing period. Mouse
body weight is presented as mean + standard deviation (n=5). *p <0.05 compared
to vehicle control-treated mice.
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Fig. 2. Peripubertal PFOA exposure inhibits mammary gland development in Balb/c and C57Bl/6 wild type mice but not in C57B1/6 PPARa knockout mice. Three-week old
female Balb/c, C57BI/6 wild type or PPARa knockout mice were treated with vehicle control (deionized H,O) or PFOA (2.5 mg/kg for Balb/c mice, 7.5 mg/kg for C57Bl/6 mice)
for 4 weeks. Mice were sacrificed 24 h after the last treatment and mammary gland whole mounts were prepared as described in Section 2. Representative photomicrographs
of mammary gland whole mounts from vehicle control- and PFOA-treated mice. Note the reduced ductal length (dotted lines) and reduced number of TEB (arrow heads) in

PFOA-treated wild type Balb/c and C57BL/6 mammary glands.

lowest doses of PFOA 2.5mg/kg for Balb/c mice and 7.5 mg/kg
for C57B1/6 mice that produced mammary gland inhibition were
chosen.

All mice displayed normal behavior and appeared healthy
throughout the PFOA treatment period. The effects of peripuber-
tal PFOA exposure on mouse body weight (BW) during the entire
experiment treatment are shown in Fig. 1. No significant differences
of BW were observed between vehicle control- and PFOA-treated
Balb/c (2.5 mg/kg) or C57B1/6 PPARa knockout (7.5 mg/kg) mice
during the entire PFOA treatment period. In C57Bl/6 wild type mice
treated with 7.5 mg/kg of PFOA, significant decreases of BW were
observed only during the last week (4th week) of PFOA treatment.
No obvious changes of food consumption behavior were observed
between vehicle control- and PFOA-treated mice.

In striking contrast to a lack of effect of PFOA treatment on
Balb/c BW, exposure to 2.5 mg/kg of PFOA significantly inhibited
mammary gland growth as evidenced by reduced ductal length,
decreased numbers of terminal end buds (TEBs) and stimulated
ducts (STDs) (Fig. 2 and Table 1). Similarly, exposure to 7.5 mg/kg
of PFOA caused significant inhibition of mammary gland growth
in C57BI/6 wild type mice (Fig. 2 and Table 1). However, no inhi-
bition of mammary gland growth was observed in PFOA-treated
(7.5mg/kg) C57Bl/6 PPARa knockout mice (Fig. 2 and Table 1).
Although PFOA treatment significantly inhibited mammary gland
growth in Balb/c and C57BI/6 wild type mice, PFOA had no signifi-
cant effect on the weight of mammary glands/fat pads (Table 1).

3.2. Balb/c mice have significantly higher plasma levels of PFOA
than C57BI/6 mice

We considered the possibility that the strain-specific differ-
ences in sensitivity to the inhibitory effect of PFOA might be due
to differences in PFOA body burden. For the purpose of comparing
mouse plasma PFOA levels from different doses of PFOA treatment
that caused different effects on mammary gland development,
plasma PFOA levels from mice used in this and previous stud-
ies were measured using a UPLC-MS/MS method [30]. The mice
in the previous PFOA studies were treated in the same way as
those in the current study and PFOA level analysis from all plasma
samples was carried out under the same conditions. As shown in
Fig. 3, there was no significant difference of plasma PFOA levels
between 1 mg/kg of PFOA-treated Balb/c and C57BI/6 wild type
mice. However, plasma PFOA levels of Balb/c mice were signifi-
cantly higher than C57Bl/6 mice treated with 5 mg/kg PFOA dose
for the same amount of time (4 weeks). Moreover, Balb/c mice
treated with 2.5 mg/kg of PFOA had plasma PFOA levels similar
to that of C57BI/6 mice treated with 5mg/kg of PFOA. Interest-
ingly, C57BI/6 PPARa knockout mice had the lowest plasma PFOA
levels at the 5mg/kg and 7.5 mg/kg doses. In addition, C57BI/6
PPARa knockout mice were also given a higher dose (10 mg/kg)
of PFOA, no significant differences of plasma PFOA levels between
7.5 mg/kg and 10 mg/kg of PFOA-treated mice were observed. Sim-
ilarly, 10 mg/kg PFOA treatment showed no significant effect on
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Table 1

Effects of PFOA treatment on mouse mammary gland ductal length, the number of terminal end buds (TEBs), the number of stimulated terminal ducts (TDs), absolute left
inguinal mammary gland weight (AMGW) and relative left inguinal mammary gland weight (RMGW) (mean =+ standard deviation, n=5).

Treatment Ductal length (relative units) Number of TEBs Stimulated TDs AMGW (g) RMGW (%)
Balb/c
Vehicle control 8.17 + 1.08 7.40 + 1.14 6.11 & 2.52 0.09 + 0.004 0.51 + 0.04
PFOA (2.5 mg/kg) 4.99 + 0.67° 3.25 +0.95 2.63 + 141 0.11 + 0.024 0.63 +£0.13
C57Bl/6 wild type
Vehicle control 6.30 &+ 0.96 6.25 + 2.06 6.50 + 2.89 0.15 + 0.035 0.77 £ 0.18
PFOA (7.5 mg/kg) 2.10 + 1.98 1.00 + 1.41° 0.80 + 1.31° 0.11 + 0.026 0.66 + 0.13
C57B1/6 PPARa /-
Vehicle control 8.90 + 1.04 10.00 + 4.36 6.20 + 1.64 0.17 £+ 0.035 0.88 + 0.21
PFOA (7.5 mg/kg) 8.43 + 1.08 9.43 + 1.90 7.02 + 2.16 0.14 + 0.026 0.78 + 0.11

Three-week old female Balb/c, C57B1/6 wild type and PPARa knockout mice were treated with vehicle control or PFOA for 4 weeks and sacrificed 24 h after the last treatment.
Relative mammary glands weight (RMGW) (%) = absolute mammary glands weight (AMGW)/body weight.

" p<0.05, compared with vehicle control-treated group in each mouse strain.

mammary gland development in PPARa knockout mice (data not
shown).

It has been reported that PFOA is excreted mainly through the
kidney by organic anionic transporters (OATs) in rats [31]. The
expression levels of 7 OATs in Balb/c and C57BIl/6 kidneys were
analyzed using q-PCR. As shown in Fig. 4, there were no signifi-
cant differences in expression levels of 4 OATs [OAT1, OAT2, OAT3
and OATP1 (organic anionic transporting polypeptide 1)] between
the two mouse strains. However, Balb/c mice had significantly
lower expression levels than C57BI/6 mice of OATP2 and NTCP
(sodium-taurocholate cotransporting polypeptide). C57B1/6 PPARax
knockout mice had significantly higher expression levels of OAT-
K (kidney specific organic anionic transporter) than Balb/c and

Ef Balbie 8 wild type c57B1/6 SYPPARa Knockout C57BI/6

140 -
Q= =
= = -

o u o
120 & g—
g o
= .:_ L] .|.
o
£ 10 3 EJT'
2 = e 133
a = [
e 80 s J—
3 L o
g 3 i
L 60 & i L I
o o @ a
© S @ e
E o T o
=40 e.g I —
o L g
20 \ -
o i \
T T T T T
Control 1.0mglkg 2.5mglkg 5.0mg/kg 7.5mglkg 10.0mg/kg
PFOA treatment

Fig. 3. Plasma PFOA levels in vehicle control- and PFOA-treated mice. Three-week
old female Balb/c, C57Bl/6 wild type and PPARa knockout mice were treated with
vehicle control or indicated doses of PFOA for 4 weeks and sacrificed 24 h after the
last treatment. Mouse plasma samples were collected for analyzing PFOA levels as
described in Section 2. Plasma samples of Balb/c mice treated with 1 or 5 mg/kg
of PFOA; of C57BI/6 wild type mice treated with 1, 5, or 10 mg/kg of PFOA; and
of C57B1/6 PPARa~/~ mice treated with 5 mg/kg of PFOA were from previous stud-
ies (Refs. [12,13]). All mice were treated the same way as those in current study
and plasma PFOA levels were determined in the same laboratory under the same
conditions. Mouse plasma PFOA levels are presented as mean =+ standard devia-
tion (n=>5). PFOA levels in vehicle control-treated mice are lower than 0.01 pg/ml.
3p <0.05, compared with vehicle control group; ®p <0.05, compared with 1 mg/kg of
PFOA-treated Balb/c or C57BI/6 mice; p <0.05, compared with 2.5 mg/kg of PFOA-
treated Balb/c mice; 9p < 0.05, compared with 5 mg/kg of PFOA-treated Balb/c mice;
ep<0.05, compared with 5 mg/kg of PFOA-treated C57Bl/6 wild type mice; fp<0.05,
compared with 5mg/kg of PFOA-treated C57Bl/6 PPARa knockout (PPARa~/~)
mice; &p <0.05, compared with 7.5 or 10 mg/kg of PFOA-treated C57B1/6 wild type
mice; "p<0.05, compared with 7.5 mg/kg of PFOA-treated C57B1/6 PPARa knockout
(PPARo~/~) mice.

C57B1/6 wild type mice. PFOA treatment did not change the expres-
sion levels of OATs in Balb/c and C57Bl/6 PPARa knockout mice
(data not shown). In C57Bl/6 wild type mice, 7.5 mg/kg of PFOA
treatment significantly reduced the expression levels of OATP2
(—3.20£1.43), but had no effect on the levels of other OATs (data
not shown).

3.3. PFOA treatment alters ovary functions

The ovaries are the major source of estrogen and progesterone
required for normal pubertal mammary gland development. Thus,
we next examined the effect of inhibitory doses of PFOA on ovar-
ian function. Vaginal opening is dependent on estrogen and is an
indicator of initiation of ovarian function and estrous cycling [32].
As shown in Table 2, the mean age at vaginal opening was sig-
nificantly later in PFOA-treated Balb/c mice and vaginal opening
was absent in PFOA-treated C57BI/6 wild type mice at the time of
termination. These results indicate delayed and absence of ovar-
ian function in Balb/c and C57BL/6 wild type PFOA-treated mice.
In contrast and consistent with a lack of inhibition of mammary
gland development, PFOA treatment had no significant effect on the
mean age at vaginal opening in C57BL/6 PPARa knockout mice. His-
tological analysis of ovaries revealed absence of estrous cycling as
determined by the absence of corpora lutea (CL) from both ovaries
along with the uterine alterations (thinning of the endometrium
and myometrium, similar findings as reported in Ref.[12]) in PFOA-
treated Balb/c and C57Bl/6 wild type mice (Table 2). However, both
control- and PFOA-treated C57BL/6 PPARa knockout mice exhib-
ited uterine histology indicative of normal estrous cycling with all
stages of the cycle seen. Together, these results suggest that PFOA
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Fig. 4. Relative expression levels of kidney organic anionic transporters (OATSs) in
wild type Balb/c, C57BI/6 and C57BL/6 PPARa knockout mice. Balb/c and C57BI/6
mice were sacrificed 24 h after the last vehicle control or PFOA treatment. RNA sam-
ples were prepared from frozen kidneys and used for quantitative RT-PCR analysis of
OAT expression levels as described in Section 2. The OAT levels were expressed rel-
ative to Balb/c mice (mean =+ standard deviation, n=3). *p <0.05 compared to Balb/c
mice; #p <0.05 compared to Balb/c and C57BI/6 wild type mice.
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Table 2
Effect of PFOA treatment on mouse age at vaginal opening (AVO) (mean + standard
deviation, n=5), and ovarian corpora lutea (CL) status.

Treatment AVO (day) Presence of CL
Balb/c
Vehicle control 40.5+2.12 Yes
PFOA (2.5 mg/kg) 46.4+4.04 No
C57Bl/6 wild type
Vehicle control 40.2+2.25 Yes
PFOA (7.5 mg/kg) No opening No
C57B1/6 PPARa /-
Vehicle control 38.98 +2.56 Yes
PFOA (7.5 mg/kg) 39.21+£2.97 Yes

Three-week old female Balb/c, C57BI/6 wild type and PPARa knockout mice were
treated with vehicle control or PFOA for 4 weeks and sacrificed 24 h after the last
treatment.

" p<0.05, compared with vehicle control-treated group in each mouse strain.

treatment significantly altered ovary function in Balb/c and C57BI/6
wild type mice.

The steroid hormones estradiol (E) and progesterone (P) are
mainly produced by the ovaries. E plays dominant role dur-
ing pubertal development responsible for the production of two
important paracrine acting growth factors Areg and HGF. P act-
ing through progesterone receptors can also up-regulate Areg
expression [33,34]. E is also required for the induction of proges-
terone receptors [35,36]. Thus, we next analyzed mouse serum
E and P levels. However, we did not have a sufficient num-
ber of control-treated mice at the various estrous cycle stages
to determine significant differences in estrogen and proges-
terone levels for each cycle stage. Thus, to further investigate
the potential effect of PFOA treatment on ovarian function,
the expression levels of five ovarian proteins/enzymes (StAR,
CYP11A1, HSD3f31, aromatase, HSD1731) were analyzed based
on their important roles in producing estradiol and proges-
terone. StAR is an essential protein in transferring cholesterol into
mitochondria, providing the raw material for steroid hormone
biosynthesis [37]. CY11A1 initiates steroid hormone biosynthe-
sis by converting cholesterol to pregnenolone [37,38]. HSD3[31
is a critical enzyme for conversion pregnenolone to proges-
terone and androstenediol to testosterone, the precursor for the
production of estradiol [39]. Aromatase is a key enzyme for
the production of estrogens, converting testosterone to estradiol
and androstenedione to estrone [39]. HSD1731 is an impor-
tant enzyme in the production of estradiol, mainly converting
estrone to estradiol [39]. Western blot analysis showed that
PFOA treatment significantly reduced ovarian protein levels of
StAR, CYP11A1, HSD3B1 and HSD17f31 in Balb/c and C57Bl/6
wild-type mice; but there was no effect of PFOA treatment on
aromatase level (Fig. 5A and quantifications of Western blots in
Fig. 5C). In contrast, no changes in these protein levels were
detected in PFOA-treated C57Bl/6 PPARa knockout mice (Fig. 5A
and C).

Since PFOA treatment did not reduce the levels of critical ovar-
ian proteins/enzymes involved in the production of two major
steroid hormones in C57Bl/6 PPARa knockout mice, we exam-
ined ovarian PPARa protein levels in Balb/c and C57BIl/6 mice.
As shown in Fig. 5B, significantly higher ovarian protein levels of
PPARa were detected in Balb/c mice compared to C57Bl/6 mice
(1.004+0.20 vs 0.43 £0.19, p<0.05). However, PFOA treatment did
not change PPARa protein levels in either mouse strain (Fig. 5B).
These results suggest that in addition to higher PFOA plasma lev-
els, higher ovarian PPAR« protein levels may also contribute to the
higher sensitivity of Balb/c mice to the inhibitory effect of PFOA on
mammary grand development.

3.4. PFOA treatment decreases the protein levels of Areg, HGF,
ERa, EGFR and PCNA in Balb/c and C57BI/6 wild type mammary
glands

In addition to steroid hormones, local growth factors also play
important roles in mammary gland development [18]. Thus, we
examined the effect of PFOA treatment on the expression levels
of Areg, IGF-I and HGF, growth factors critically involved in mam-
mary gland development. Western blot analysis showed that PFOA
treatment significantly decreased the protein levels of Areg and
HGF in Balb/c and C57BI/6 wild type mammary glands (Fig. 6A and
quantifications of Western blots in Fig. 6B). PFOA treatment did not
change the protein levels of IGF-I (data not shown). Because the
expression of Areg can be induced by E through ERa, and Areg is
an essential mediator of ERa function in mammary gland devel-
opment [20], and an EGFR ligand, we also examined the effect
of PFOA on the expression levels of ERa and EGFR in mammary
glands. PFOA treatment caused significant decreases of ERa and
EGFR protein levels in both Balb/c and C57BIl/6 wild type mam-
mary glands (Fig. 6A and B). We also analyzed mammary gland
protein levels of proliferating cell nuclear antigen (PCNA), one of the
most commonly used markers reflecting active cell proliferation.
PFOA treatment greatly decreased PCNA protein levels in Balb/c
and C57BI/6 wild type mammary glands (Fig. 6A and B). In con-
trast, PFOA treatment had no effect on the protein levels of Areg,
HGF, ERa, EGFR or PCNA in C57Bl/6 PPARa knockout mammary
glands (Fig. 6A and B). Similar to the observation that Balb/c mice
had higher PPAR«a protein levels in their ovaries than C57BI1/6 mice,
significantly higher PPAR« protein levels were also detected in their
mammary glands (1.00+0.17 vs 0.56 +£0.21, p <0.05) (Fig. 6A).

The decreases in Areg and ERa protein levels in PFOA-treated
Balb/c and C57BI/6 wild type mammary glands were further con-
firmed by double immunofluorescent staining of ERa and Areg
(Fig. 7A and B). There were significant decreases in the numbers
of Areg positive-, ERa positive-, and Areg plus ERa double positive
luminal epithelial cells in PFOA-treated mammary glands com-
pared to those in vehicle control-treated mice (Fig. 7C). Consistent
with a recent report showing that the expression of Areg can be
induced by E through ERa [20], co-localization of Areg and ERa
indicated that Areg was produced by ERa positive cells.

3.5. Supplementing E, P or E + P overcomes the inhibitory effect of
PFOA treatment on mammary gland development

To further determine the mechanism by which PFOA treatment
inhibits mouse mammary gland development, we investigated
whether steroid hormone supplementation could overcome the
inhibitory effect of PFOA treatment on mouse mammary gland
development. Three-week old of Balb/c and C57Bl/6 wild type
mice were first treated with vehicle control or PFOA for one week,
followed by treatment with vehicle control, PFOA, or control or
PFOA plus physiological doses of E, P or E+P for another week as
described in Section 2. Two weeks of PFOA treatment significantly
inhibited mammary gland development in both Balb/c and C57BI/6
wild type mice evidenced by decreases in the ductal length, the
number of TEBs, although PFOA had no significant effect on the
weight of mammary glands/fat pads (Fig. 8 and Table 3). In strik-
ing contrast, Balb/c and C57BI/6 wild type mice treated with PFOA
plus E, P or E+P all showed mammary gland development com-
parable to control-treated mammary glands (Fig. 8 and Table 3).
These results demonstrated that supplementing E, P, or E + P over-
came the inhibitory effect of PFOA treatment in both Balb/c and
C57BIl/6 wild type mice. No significant synergistic effect in E+P
treatment was observed. This was not surprising since the effect
of E+P to synergistically induce side branching and alveologenesis
is restricted to the adult gland and not observed in pubertal mice
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Fig. 5. PFOA treatment decreases ovarian protein levels of steroid hormone synthetic enzymes in Balb/c and C57BI/6 wild type mice but not in C57BI/6 PPARa knockout
mice. (A) Effect of PFOA treatment on ovarian protein levels of steroid hormone synthetic enzymes. Balb/c, C57Bl/6 wild type and PPARa knockout mice were sacrificed 24 h
after the last vehicle control or PFOA treatment. Protein samples prepared from frozen ovaries were used for Western blot analysis as described in Section 2. Representative
Western blots of protein levels of StAR, CYP11A1, HSD3@1, HSD17f31, aromatase and PPAR« in vehicle control- or PFOA-treated ovaries. GAPDH served as a protein loading
control. (B) Western blot analysis of PPARa protein levels in mouse ovaries. Representative Western blots of protein levels of PPARx in vehicle control- or PFOA-treated
ovaries. GAPDH served as a protein loading control. (C) Quantification of Western blot analysis for the effect of PFOA treatment on ovarian protein levels of steroid hormone
synthetic enzymes in Balb/c and C57BI/6 wild type and PPARa knockout mice (mean + standard deviation, n=3). *p <0.05, compared with vehicle control-treated group in

each mouse strain.

(Aupperlee and Haslam, unpublished observations). Supplement-
ing E, P, or E+P had no significant effect on control-treated
mammary gland morphology (data not shown). This may be
because control mice have normal functioning ovaries and that
the levels of exogenous supplemented hormones did not have an
additional stimulatory effect.

3.6. Effect of supplemented E, P or E +P on decreases of growth
factor levels in mammary gland by PFOA

Since supplemented E, P or E + P overcame the inhibitory effect
of PFOA treatment on mammary gland development, we examined
the effect of the hormone supplements on mammary gland protein
levels of growth factors and receptors in PFOA-treated mice. The
2-week PFOA treatment decreased mammary gland protein levels
of Areg, EGFR and PCNA, but did not change HGF and ERa protein
levels (Fig. 9A and quantifications of Western blots in Fig. 9B). The
supplement of E, P or E+P increased protein levels of Areg, EGFR

and PCNA in PFOA-treated mammary glands (Fig. 9A and B). The
effect of E supplement on PFOA-treated mammary gland protein
levels of Areg and ERa was further examined by immunofluores-
cent staining of ERa and Areg. As shown in Fig. 10, and consistent
with Western blot analysis (Fig. 9A and B) the E supplement sig-
nificantly increased the number of Areg positive staining luminal
epithelial cells but did not change the number of ERa positive stain-
ing luminal epithelial cells in PFOA-treated mammary glands. These
results suggest that decreased Areg protein levels play an important
role in PFOA inhibition of mammary gland development.

4. Discussion

Inhibitory effects on mammary gland development have been
reported in animals exposed to PFOA during various critical devel-
opmental stages including gestational, lactational and peripubertal
periods [3,10-12]. However, the mechanisms by which PFOA
exposure inhibits mammary gland development remain poorly
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Fig. 6. PFOA treatment reduces mammary gland protein levels of Areg, HGF, ERa, EGFR and PCNA in Balb/c and C57BI1/6 wild type mice but not in C57B1/6 PPARa knockout
mice. (A) Effect of PFOA treatment on mammary gland protein levels of Areg, HGF, ERa,, EGFR and PCNA. Balb/c, C57B1/6 wild type and PPARa knockout mice were sacrificed
24 h after the last vehicle control or PFOA treatment. Protein samples were prepared from frozen mammary glands and used for Western blot analysis as described in Section
2. Representative Western blots of protein levels of Areg, HGF, ERa, EGFR, PCNA and PPAR« in vehicle control- or PFOA-treated mammary glands. GAPDH served as a protein
loading control. (B) Quantification of Western blot analysis for the effect of PFOA treatment on mammary gland protein levels of Areg, HGF, ERa, EGFR and PCNA in Balb/c
and C57Bl/6 wild type and PPARa knockout mice (mean + standard deviation, n=3). *p <0.05, compared with vehicle control-treated group in each mouse strain.

understood. PFOA is used extensively in various industries and
PFOA is widely present in the bodies of both the general and
occupationally exposed human population. Most studies of PFOA
effects in humans have focused on adult exposures. However, less
is known about potential effects of exposure at other ages. The
pubertal mammary gland in humans and mice is thought to be
particularly sensitive to changes caused by environmental expo-
sures that can produce long-term effects. For example, irradiation
exposure in young Japanese girls but not older women has resulted
in increased breast cancer incidence [40]; exposure to DDT early in
life may increase breast cancer risk [41]. Thus, we have investigated
the underlying mechanisms of the PFOA inhibitory effects on the
murine mammary gland at the sensitive developmental stage of
pubertal development. In this study, we found that PFOA effects on
the ovaries may mediate its inhibition on peripubertal mammary
gland development in Balb/c and C57BI/6 mice.

Differential effects of peripubertal exposure to PFOA on mam-
mary gland development in Balb/c and C57BIl/6 mouse strains were

observed in our recent studies [12,13]. Combining the findings from
this and our previous studies [12,13], it is concluded that while
2.5mg/kg or higher doses of PFOA treatment caused significant
inhibition of mammary gland growth in Balb/c mice, mammary
gland inhibition was observed only at 7.5 mg/kg or higher dose of
PFOA treatment in C57BIl/6 wild type mice. However, 7.5 mg/kg
of PFOA treatment had no inhibitory effect on mammary gland
in C57Bl/6 PPARa knockout mice, suggesting that PPAR« is crit-
ically involved in PFOA inhibitory effect on the mammary gland.
The greater sensitivity to the inhibitory effects of PFOA in Balb/c
mice is likely due to the observations that Balb/c mice had signifi-
cantly higher protein levels of PPARa (~2-fold greater than C57B1/6
mouse PPARa levels in ovaries and mammary glands) and higher
plasma PFOA levels. It is interesting to note that while plasma
PFOA levels of Balb/c mice treated with 2.5 mg/kg of PFOA were
comparable to that of C57Bl/6 mice treated with 5 mg/kg of PFOA,
the opposite effects on mammary glands were observed. Signif-
icantly higher PPARa protein levels in Balb/c mice may be one
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Fig. 7. Effect of PFOA treatment on the expression of Areg and ERa in Balb/c and C57BI1/6 wild type mammary gland luminal epithelial cells (LECs). Mice were sacrificed 24 h
after the last vehicle control or PFOA treatment and mammary glands were processed for dual immunofluorescent staining of Areg and ER« as described in Section 2. (A)
and (B) Representative images of immunoflourescence staining of Areg (green) and ERa (red) in mammary gland sections from vehicle control- or PFOA-treated Balb/c (A)
or C57Bl/6 wild type (B) mice. Nuclei were counterstained with DAPI (blue). (C) Quantitation of Areg and/or ERa positive mammary LECs in vehicle control- or PFOA-treated
mice. Data (mean + standard deviation, n=3) are presented as percent of total LECs. Blue bar, ERa positive cells; red bar, Areg positive cells; and yellow bar, Areg and ERa
double positive cells. *><p<0.05, compared with vehicle control-treated mice.

contributing factor to the observed opposite effects in two mouse within species may be partially due to the differential expression of
strains. organic anionic transporters (OATs) [31,42]. It was suggested that

Studies have shown that PFOA is excreted mainly through the differential expression levels of renal OAT2 and OAT3 may con-
kidney and the higher retention of PFOA in some species or sexes tribute to different biological half-life of PFOA in male and female
Table 3

Supplement of exogenous estradiol (E), progesterone (P) or E + P overcomes PFOA mammary gland inhibition in Balb/c and C57BI/6 wild type mice (mean + standard deviation,
n=>5).

Treatment Ductal length (relative units) Number of TEBs AMGW (g) RMGW (%)
Balb/c
Vehicle control 324 + 132 5.40 + 2.61 0.096 + 0.018 0.55 + 0.09
PFOA (2.5 mg/kg)+7dC 1.28 +1.332 1.67 + 1.03? 0.110 £+ 0.019 0.64 + 0.08
PFOA (2.5 mg/kg) + 7dE 2.76 + 0.57° 9.40 + 1.95%P 0.098 + 0.019 0.55 + 0.06
PFOA (2.5 mg/kg)+7dP 3.13 £ 0.94° 5.20 + 1.79P 0.094 + 0.024 0.56 + 0.14
PFOA (2.5 mg/kg)+7d(E+P) 2.90 + 0.53b 7.40 + 2.07° 0.094 + 0.013 0.56 + 0.09
C57Bl/6 wild type
Vehicle control 2.60 + 0.53 4.60 + 2.51 0.106 + 0.011 0.66 + 0.07
PFOA (7.5 mg/kg)+7dC 0.72 + 0.80? 0.67 + 0.82? 0.110 + 0.020 0.77 £ 0.14
PFOA (7.5 mg/kg) + 7dE 2.53 + 0.45° 7.00 + 1.41° 0.116 + 0.026 0.72 + 0.17
PFOA (7.5 mg/kg)+7dP 1.60 + 0.46 2.67 + 0.58 0.116 + 0.015 0.75 £ 0.12
PFOA (7.5 mg/kg)+7d(E+P) 2.13 + 023° 7.20 + 1.10° 0.118 + 0.011 0.73 + 0.06

Three-week old female Balb/c or C57BI/6 wild type mice were treated with vehicle control or PFOA for 1 week, then the mice were treated with vehicle control or PFOA plus
C (vehicle), E, P or E + P for another week as described in Section 2. Mice were sacrificed 24 h after the last PFOA/hormone treatment and mammary gland whole mounts were
prepared as described in Section 2.
Relative mammary glands weight (RMGW) (%) = absolute mammary glands weight (AMGW)/BW.

3 p<0.05, compared with Vehicle Control-treated group in each mouse strain.

b »<0.05, compared with PFOA-treated group +7dC in each mouse strain.
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Fig. 8. Supplement of exogenous estradiol (E), progesterone (P) or E + P overcomes PFOA mammary gland inhibition in Balb/c and C57Bl/6 mice. Three-week old female Balb/c
or C57BI/6 wild type mice were treated with vehicle control or PFOA for 1 week, then the mice were treated with vehicle control plus hormone C (vehicle) (A) or PFOA plus C
(vehicle), E, P or E+P (B) for another week as described in Section 2. Mice were sacrificed 24 h after the last PFOA/hormones treatment and mammary gland whole mounts
were prepared as described in Section 2. Representative photomicrographs of mammary gland whole mounts from vehicle control-, PFOA-, or PFOA plus hormone-treated
mice. Note the reduced ductal length (dotted lines) and reduced number of TEB (arrow heads) in PFOA-treated wild type Balb/c and C57BL/6 mammary glands (B, 7dC) and
the increased ductal length and numbers of TEBs in 7dE, 7dP and 7dE + P supplemented PFOA-treated glands.
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Fig. 9. Effect of supplement of exogenous hormones on mammary gland protein levels of Areg, HGF, ERa, EGFR and PCNA in vehicle control- and PFOA-treated mice. (A)
Effect of supplement of exogenous hormones on mammary gland protein levels of Areg, HGF, ERo, EGFR and PCNA. Balb/c and C57B1/6 Wild type mice were sacrificed 24h
after the last PFOA + hormone treatments. Representative Western Blots from protein samples prepared from frozen mammary glands as described in Section 2. GAPDH
served as a protein loading control. (B) Quantification of Western blot analysis for the effect of supplement of exogenous hormones on mammary gland protein levels of
Areg, HGF, ERa, EGFR and PCNA in vehicle control- and PFOA-treated mice (mean =+ standard deviation, n=3). *p <0.05 compared with vehicle control + 7dC in each mouse

strain; #p <0.05 compared with PFOA + 7dC in each mouse strain.

rats [31]. However, no significant differences of OAT2 and OAT3
expression levels were detected in Balb/c and C57BI/6 mice, sug-
gesting that OAT2 and OAT3 may function differently in different
species. Instead, significantly higher levels of OATP2 and NTCP were
detected in C57BI/6 mice, and significantly higher levels of OAT-K
were found in C57BI/6 PPARa knockout mice. It has been reported
that renal OATs are involved in both secretion (OAT1, OAT2 and
OAT3) and reabsorption (OATP1a1) of PFOA in rats [43]. It is cur-
rently not clear whether differential expression levels of renal OATs
may contribute to the differential plasma PFOA levels in Balb/c and
C57BI1/6 mice.

PFOA is an agonist of PPAR«, a nuclear receptor being capable
of regulating inflammatory responses, cell proliferation, and dif-
ferentiation [27]. It was reported that the general development
toxicity caused by PFOA depends on the expression of PPARx in
129S1/Svlm] mice [1]. The findings from this study indicate that
PPARa plays a role in mediating PFOA mammary gland inhibition.
Compared with C57BI/6 wild type mice, significantly lower plasma
PFOA levels were detected in C57Bl/6 PPARa knockout mice when
similarly treated with 5 mg/kg or 7.5 mg/kg of PFOA. Thus, either
decreased PFOA blood levels and/or deletion of the PPARx gene

may explain the lack of inhibitory effect on mammary gland in
PPARa knockout mice. It remains to be determined whether PPARa
directly mediates the inhibitory effects of PFOA on the mammary
gland or if those effects are related to the differences in PFOA serum
levels achieved in the wild type and knockout mice. It is interesting
to note that no significant differences of serum PFOA levels were
found between wild type and PPARa knockout 129S1/Svim] mice
treated with 0.1-20 mg/kg of PFOA [1]. The reasons for the differ-
ential effects of PPARa knockout on PFOA blood levels in C57B1/6
and 129S51/Svim] mice are not known. Given the fact that Balb/c and
C57BIl/6 mice showed differential expression pattern of renal OATs,
itis possible that C57BI/6 and 129S1/Svim] mice may also have dif-
ferences in OATs expression, and that PPARa may have different
effects on OAT expression in these two mouse strains. These dif-
ferences may in part contribute to the observed different effects of
PPARa knockout on PFOA blood levels in C57B1/6 and 129S1/Svim]
mice.

Pubertal mammary gland development is largely controlled by
E and P produced by the ovary. Both E and P can induce Areg
which is an important paracrine factor for pubertal development
[20,33,34]. Thus normal ovarian function is critical for pubertal
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Fig. 10. Effect of supplement of exogenous estradiol (E) on the expression of Areg
and ERa in PFOA-treated Balb/c and C57BI/6 wild type LECs. Mice were sacrificed
24 h after the last PFOA/hormones treatment and mammary glands were processed
for dual immunofluorescent staining of Areg and ERa as described in Section 2.
Representative images of immunoflourescence staining of Areg (green) and ERa
(red) in mammary gland sections from Balb/c (A) or C57BI/6 wild type (B) mice.
Nuclei were counterstained with DAPI (blue).

mammary gland growth. We recently reported that peripuber-
tal PFOA exposure (5 mg/kg) stimulates C57Bl/6 mouse mammary
gland development probably by enhancing ovary function as evi-
denced by elevated protein levels in the ovaries of two important
steroid hormone synthetic enzymes (HSD31 and HSD17(31) and
increased serum levels of P [13]. In this study we found that PFOA
treatment at inhibitory doses altered ovary function in Balb/c and
C57BI/6 wild type mice evidenced by delayed or absent vaginal
opening and lack of corpora lutea (CL), an indication of lack of
estrous cycling. We also found significant decreases in ovarian
protein levels of StAR, CYP11A1, HSD331 and HSD17[31 that are
critically involved in E and P synthesis. The importance of altered
ovary function in the mammary gland inhibitory effect of PFOA
was further demonstrated by the “rescue” experiment through
supplementation with exogenous E and P. Supplementing with
physiological levels of E or P reversed stunted mammary gland
development in PFOA-exposed Balb/c and C57BI/6 wild type mice.
While we observed effects of PFOA indicative of altered ovarian
function, we cannot conclude if PFOA acts directly on the ovary or
may interfere with the hypothalamic/pituitary/ovarian axis result-
inginaltered leutinizing hormone and follicle stimulating hormone
signaling.

In addition to steroid hormones, growth factors produced in
mammary glands also play important roles for mammary gland
growth [18-21]. The expression of Areg, a ligand of EGFR, can be
induced by E. Aregis an essential mediator of ERa function in puber-
tal mammary gland development acting in a paracrine manner by
binding to the EGFR in stromal cells to produce growth factors that
increase epithelial proliferation, terminal end bud formation, and
ductal elongation [20]. HGF, synthesized in the stroma, is impor-
tant for normal mammary ductal development by stimulating the
proliferation, motility, and morphogenesis of nearby epithelium
[22-24]. We recently found significantly increased protein levels of
Areg, HGF, EGFR, and ERa in PFOA-stimulated C57Bl/6 mammary
glands [13]. In contrast, in this study we found that the protein
levels of Areg, HGF, EGFR, and ERa were significantly decreased in
PFOA-inhibited Balb/c and C57Bl/6 mammary glands. Supplemen-
tation with E or P that overcome the PFOA inhibition of mammary
gland development also restored the protein levels of Areg and
EGFR in PFOA-treated mammary glands to the levels of control-
treated mammary glands. Together, these results along with our
previous findings suggest that decreased levels of these growth
factors also play an important role in PFOA inhibition of mammary
gland growth.

It is well-known that PFOA is capable of increasing the expres-
sion of PPARa-responsive genes, especially those involved in lipid
metabolism [44,45]. Bjork et al. [45] found that exposure to
PFOA stimulated the expression of genes involved in fatty acid
uptake and oxidation in rat hepatocytes, suggesting that an early
metabolic response to PFOA exposure in rats is an increase in
lipid catabolism. Increased oxidation of fat may be responsible
for lower serum cholesterol and triacylglycerol levels as well as
weight loss in PFOA-treated rats [46]. Lack of fat and weight
loss may also contribute to impaired mammary gland develop-
ment. Although we did not analyze mouse blood cholesterol and
triacylglycerol levels in this study, we do not think that fat avail-
ability was one of the major factors that caused stunned mammary
gland development in PFOA-treated mice as no significant dif-
ferences of mammary gland fat pad weights were observed. In
addition, body weight loss may not contribute significantly to the
inhibitory effect of PFOA on mammary gland because (i) PFOA
treatment that inhibited mammary gland growth had no sig-
nificant effect on Balb/c mouse body weight during the entire
treatment period; (ii) significant body weight decreases were
observed only during the 4th week of PFOA treatment whereas
a two-week PFOA treatment caused significant mammary gland
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growth inhibition in C57Bl1/6 wild type mice without affecting body
weight.

One interesting finding from the present and our previous study
is the PFOA dose-response on mammary gland in C57Bl/6 wild
type mice. There was a change from a stimulatory effect at 5 mg/kg
PFOA dose to an inhibitory effect on mammary gland at 7.5 mg/kg
PFOA dose. Plasma PFOA levels were increased by ~37% (68.1 +9.8
vs 93.1 £10.1 pg/ml) between the two doses. This does not con-
form to a typical linear dose-response but rather is indicative of a
threshold dose-response. Furthermore, this response may be com-
plicated by the status of PPARa expression, since PPARa knockout
mice exhibited a different dose-response.

There are clear limitations in extrapolating the findings of ani-
mal studies to the potential effects of PFOA on human mammary
gland health. One major concern is that mouse plasma PFOA lev-
els detected in the present and other animal studies are ~10-100
times higher than the typical serum PFOA levels in humans through
occupational or contaminated drinking water exposure. However,
it should be recognized that although humans have a much lower
blood PFOA levels than mice, the biological half-life of PFOA in
humans (3.0-4.1 years) is much longer than in mice (~17 days)
[8,47]. Thus, it remains to be determined whether the effects of
short term higher levels of PFOA in mice may be relevant to effects
of persistent lower levels of PFOA in humans. Moreover, although
no reports have so far shown the adverse effects of adult occu-
pational PFOA exposure on human mammary gland health, this
does not negate the potential importance of the findings from this
and previous animal studies that examine different stages of mam-
mary gland development that may be more sensitive to adverse
effects. In this regard, inhibition of mammary gland development
in mice has previously been observed at various critical develop-
mental stages including gestational, lactational and peripubertal
periods[3,10-12]. Future studies that focus on populations exposed
to PFOA during these critical developmental stages are warranted.

5. Conclusion

Peripubertal PFOA exposure significantly inhibited mammary
gland growth in both Balb/c and C57BI/6 wild type mice, but not
in C57B1/6 PPARa knockout mice, and Balb/c mice were more sen-
sitive to PFOA inhibition. This may be due in part to the fact that
Balb/c mice had the highest plasma PFOA levels whereas C57BI/6
PPARa knockout mice had the lowest plasma PFOA levels. PFOA
at the inhibitory doses in both Balb/c and C57BL/6 wild type mice
altered ovary functions as evidenced by delayed or absence of vagi-
nal opening and lack of estrus cycling during the experimental
period and decreases in ovarian steroid hormonal synthetic enzyme
levels. In addition, PFOA also reduced the expression of estrogen-
or progesterone-induced mammary growth factors (amphireg-
ulin, hepatocyte growth factor). Supplementation with exogenous
estrogen and/or progesterone reversed the PFOA inhibitory effect
on mammary gland. Based on these findings, it is concluded that
PFOA effects on the ovaries, likely through reduction of estrogen
and progesterone production, mediate its inhibition of mammary
gland development in Balb/c and C57BIl/6 mice and that PPARx
expression is a contributing factor.
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